at the restrictive temperature (Ajiro et al., 1996a) . Also, † The contributions of the Gorovsky and Allis labs were equal.
Tetrahymena; deletion of both is lethal (Yu and GorovTo date, all studies of H3 phosphorylation and mitosis sky, 1997). To create a strain of Tetrahymena whose have been correlative. In higher eukaryotes, the exismajor H3 cannot be phosphorylated, we disrupted the tence of multiple copies of histone (including H3) genes HHT1 gene and replaced the wild-type HHT2 gene with makes it difficult to study H3 phosphorylation directly one in which the codon encoding Ser10 has been changed by genetically manipulating the phosphorylation site in to encode alanine by in vitro mutagenesis (see Experivivo. On the other hand, in yeast, where there are only mental Procedures). The endogenous macronuclear two copies of the H3 gene, H3 phosphorylation has not HHT1 genes were disrupted using a construct in which been demonstrated, thus precluding the kind of genetic the neo2 cassette (Gaertig et al., 1994a) was inserted in manipulations that have led to greater understanding of place of part of the HHT1-coding and 3Ј-flanking regions the role of acetylation in transcriptional activation and ( Figure 1A) . A 3.2 kb SpeI-ClaI fragment containing the repression (reviewed in Struhl, 1998).
disrupted HHT1 gene was introduced into Tetrahymena We have developed the ciliated protozoan Tetrahycells using biolistic transformation, and complete macmena thermophila as a model for studying the function ronuclear replacements were selected with paromomyof H3 phosphorylation in vivo. Like most ciliated protocin. To create an HHT2 gene that lacked the Ser10 phoszoa, Tetrahymena contains two nuclei: a macronucleus phorylation site, the codon for Ser10 of HHT2 was and a micronucleus. During vegetative growth, macchanged to encode alanine, which also introduced an ronuclei are endoreplicated, transcriptionally active soAgeI restriction site nearby, and the neo2 cassette was matic nuclei that divide amitotically. In contrast, miinserted into the 3Ј-flanking region as a selectable cronuclei are diploid, transcriptionally inactive germline marker ( Figure 1B) .
A 3.5 kb SpeI-ClaI fragment connuclei that divide mitotically (Gorovsky et al., 1978). In taining the mutated HHT2 gene and the selectable Tetrahymena, H3 phosphorylation is also correlated marker was then introduced into macronuclei of cells closely with mitosis in that it occurs only in micronuclei containing the disrupted HHT1 gene to replace the enand not in macronuclei of logarithmatically growing vegdogenous HHT2 gene. By selecting cells with higher etative cells (Allis and Gorovsky, 1981). Recently, it was
concentrations of paromomycin, HHT1 disruption/hht2-also shown that micronuclear H3 is phosphorylated at 2S10A replacement double transformants were obtained. a single site within its amino-terminal domain, correWhile the above general strategy was used for all S10A sponding to Ser10 in mammalian H3, and that this moditransformants, the two different strains used in the studfication is temporally correlated with chromosome conies described here were transformed slightly differently. analyzed on a Southern blot ( Figure 1C ) by hybridization In Tetrahymena, two genes, HHT1 and HHT2, encode the same major H3 protein that is found in both the with probes specific for either HHT1 ( Figure 1A ) or HHT2 gene ( Figure 1B ). As shown in Figure 1C , left panel, a and that all of the HHT2 genes in the S10A cells carried the S10A mutation ( Figure 1D , right lane). 4.2 kb fragment was observed that was derived from the endogenous HHT1 gene. In the S10A transformants, the 5 kb fragment expected from the disrupted gene Loss of Micronuclear DNA in S10A Cells The recovery of transformants in which the mutated was observed, while the 4.2 kb fragment was no longer detectable. This result indicates that all of the endoge-HHT2 gene had completely replaced the wild-type HHT2 gene indicated that phosphorylation of Ser10 of H3 is nous macronuclear HHT1 genes had been replaced by the disrupted version. Similarly, with the HHT2 probe, a not essential for vegetative growth of Tetrahymena. However, microscopic observation of mutant cells stained 0.9 kb fragment derived from the endogenous HHT2 gene was completely replaced by the expected 2.3 kb with the DNA-specific dye diamidinophenolindole (DAPI) indicated that S10A cells had lost much of their miband from the transforming hht2-2S10A gene, indicating complete replacement of the endogenous gene by the cronuclear DNA, as S10A micronuclei appeared significantly smaller than wild-type micronuclei (Figure 2A ). mutated HHT2 gene ( Figure 1C, right panel) .
During the time required for phenotypic assortment To document this loss, we measured the micronuclear DNA content directly. Both wild-type and S10A cells and drug selection, the newly introduced hht2-2S10A genes coexisted with the endogenous HHT2 genes in were lysed with NP-40 and stained with the DNA-specific dye propidium iodide, and the DNA contents of the polyploid macronuclei, and it is possible that the two types of HHT2 genes recombined to introduce the macro-and micronuclei were measured by flow cytometry. Consistent with the DAPI staining result, the S10A flanking neo2 cassette into the chromosomes without the S10A mutation. To determine whether this had ocmicronuclei contained less DNA than the (presumably diploid-tetraploid) wild-type micronuclei ( Figure 2B ). In curred, the HHT2 gene region was PCR amplified from genomic DNA of S10A cells and digested with the AgeI contrast, the macronuclear DNA content of S10A cells was greater than that of wild-type cells ( Figure 2B ). Howrestriction endonuclease. As the AgeI restriction site was introduced next to the S10A mutation, the absence ever, the absence of H3 phosphorylation probably did not affect macronuclear division directly. Instead, this of detectable uncleaved DNA from the S10A mutant cells indicates that no recombination had occurred to change in macronuclear DNA content most likely was a secondary effect of the disruption of micronuclear separate the S10A mutation from the selectable marker mitosis, as will be discussed below. These results sugstrains that have defective micronuclei (for details, see Figure 3 and Allen, 1967; Doerder and Shabatura, 1980). gest that H3 phosphorylation is essential for the faithful transmission of micronuclear DNA from asexual generaThe star strain can form conjugal pairs with the wildtype strain but fails to produce a gametic nucleus during tion to generation. meiosis. As a result, the normal strain partner contributes a migratory gametic micronucleus to the star cell Reintroduction of Diploid Micronuclei into S10A Cells but receives nothing from its star mate at the fertilization stage of conjugation. The single haploid micronucleus As shown in Figure 2 , by the time we examined S10A cells in any detail, their micronuclei had lost considerin each conjugant is then endoreplicated, becoming a diploid nucleus homozygous at every locus. The pairs able DNA and become very small, making it difficult to study the morphology of micronuclear chromosomes then separate prematurely without performing any of the postzygotic divisions that result in the formation of and the mechanism leading to micronuclear DNA loss in S10A cells. To overcome this problem, we reintroduced a new macronucleus and without destroying their old macronucleus. As a result, these cells retain their old diploid, wild-type micronuclei into S10A cells as a means to "reset the clock" with respect to micronuclear funcmacronuclei and their parental phenotypes. We reasoned that the S10A transformants might betion in our analyses.
In Tetrahymena, a special type of abortive mating have in conjugation like the star strains inasmuch as they resembled these strains in having severely hypodiploid called genomic exclusion has been shown to occur when wild-type cells are mated with so-called "star"
micronuclei. This was indeed the case. S10A cells, when mated with wild-type cells, regained a diploid micronucleus. As shown in Figure 4B , shortly after mating, micronuclei in S10A cells appeared similar to wild-type micronuclei when stained with the DNA-specific dye DAPI. They also retained their old macronuclei and the phenotypes associated with it: they were paromomycin resistant (data not shown) and lacked phosphorylation at Ser10 of H3 (see below). All subsequent experiments were done using these S10A cells into which new, diploid micronuclei had been reintroduced. Because these cells still retained the hht2-2S10A genes in their macronuclei and their micronuclei quickly came to resemble cronuclear mitosis is completed before macronuclei beAntibodies that recognize all known forms of major Tetgin to divide, and by the time macronuclei enter division, rahymena H3 and antibodies specific for phosphorylated the two daughter micronuclei have clearly separated H3 were then used to detect total H3 and Ser10-phosphorylated H3, respectively. As described previously, two electrophoretically distinct forms of H3 were observed in micronuclei ( Figure 4A The absence of H3 phosphorylation was further demonstrated by in situ staining using the phosphorylated H3 antibody. As shown previously (Wei et al., 1998), in wild-type cells, mitotic micronuclei, which have a characteristic "football" shape, were invariably stained by the phosphorylated H3 antibody ( Figure 4B , lower panels). In contrast, micronuclei with a similar mitotic football shape in S10A cells failed to be stained by the antibody ( Figure 4B , upper panels).
Abnormal Micronuclear Mitosis in S10A Cells
As shown in Figure 5A , S10A cells grew slightly slower than wild-type cells (doubling time, 3.1 hr versus 2.5 hr). However, S10A cells did not show prolonged arrest in any of the cell cycle stages. As H3 phosphorylation had Figure 5B, panel c) , suggesting that they had difficulty getting through mitosis. In fact, some S10A micronuclei than in wild-type cells ( Figure 2B ), probably as a result of perturbations in the cell cycle resulting from miwere so delayed in mitosis that they were still undergoing mitosis-as shown by the football-shaped micronuclear division delays and the decoupling of microand macronuclear divisions, as shown in Figure 5B . As cronuclei-when macronuclear division had initiated ( Figure 5B, panel d) . This delay in mitosis could lead to only macronuclei are transcriptionally active during vegetative growth and micronuclei are dispensable, S10A complete failure of chromosome segregation, as suggested by observations of a dividing micronucleus encells missing partial or complete micronuclear chromosomes are still viable. This is not the case for most cells tirely within one-half of a dividing cell ( Figure 5B, panel  f) . Alternatively, partial failure of segregation is indicated whose only nucleus divides mitotically; here chromosome missegregation is expected to be lethal. in Figure 5B , panel e, where most micronuclear chromatin was well separated but some chromosomes were lagging between the two separating daughter nuclei.
Abnormal Micronuclear Meiosis in S10A Cells Micronuclear chromosomes do not condense fully and These phenotypes are reminiscent of the "cut" phenotype in the fission yeast S. pombe (for review, see Yanadisplay themselves distinctively during mitosis, making it difficult to assess mitotic chromosome condensation gida, 1998), suggesting that absence of H3 phosphorylation causes defects in mitotic chromosome segregation in Tetrahymena. Fortunately, micronuclear chromatin does form more typical chromosomes during meiosis, and possibly in mitotic chromosome condensation. enabling more detailed analysis. Micronuclear meiosis occurs during conjugation, shortly after cell pairing. At Progressive Loss of S10A Micronuclear DNA during Vegetative Growth the end of meiotic prophase, five chromosome bivalents, formed by the pairing of maternal and paternal The above results suggest that the loss of micronuclear DNA, as observed in Figure 2 , was caused by abnormal chromosomes, enter diakinesis and become highly condensed. During this period, H3 phosphorylation has mitotic chromosome segregation, in which case it should become progressively worse with successive been shown to occur in a fashion that closely coincides with meiotic chromosome condensation (Wei et al., cell divisions. To test this, S10A cells were kept in continuous logarithmic growth by transferring cells into fresh 1998). When two S10A cells of different mating type were growth medium every 24 hr. At both time point 0 and after 9 days of continuous growth, samples were remated, condensed chromosome bivalents formed (Figure 7B ), but some showed clear defects in meiotic chromoved, and the DNA content of macro-and micronuclei was measured by flow cytometry as described above.
mosome condensation. Figure 7B shows a chromosome bivalent whose middle portion was fully condensed As shown in the left panels of Figure 6 , in S10A cells the micronuclear DNA content decreased progressively while its two ends (arrows) still remained in an extended form. Other cells showed what appear to be anaphase in continuous growth. This result argues strongly that the loss of micronuclear DNA is dependent on cell divisions. bridges connecting the two products of the first meiotic division ( Figure 7D, arrowhead) . These abnormalities In contrast to micronuclei, where failure to phosphorylate H3 causes chromosome segregation errors that achave not been observed in wild-type matings ( Figures  7A and 7C) . These results indicate that while the S10A cumulate after successive mitotic divisions, resulting replacement to restrict our analysis to the single, conserved site of H3 phosphorylation. We demonstrate that H3 phosphorylation at Ser10 is essential for proper chromosome dynamics during mitosis in vivo. Absence of H3 phosphorylation in Tetrahymena causes improper chromosome segregation, and this improper segregation is probably preceded by defects in chromosome condensation, defects that are most clearly evident during meiotic chromosome condensation. It is worth noting that the chromosome loss that accompanies the absence of H3 phosphorylation would probably have made it difficult to demonstrate the function of this modification in most biological systems where the resulting mutant, whose defect in chromosome segregation leads to arrest in anaphase (Kirk et al., 1997), chromosome missegregation caused by a failure to phosphorylate H3 mutation in H3 does not disrupt chromosome condensaoccurs without complete disruption of either nuclear tion completely, it does cause defects in meiotic chroor cytoplasmic divisions. Typically, S10A cells exhibit mosome condensation and segregation. difficulty in getting through anaphase, as shown by elongated mitotic nuclei and a pronounced delay of miRescue of S10A Phenotypes by the Wild-Type cronuclear mitosis relative to macronuclear division. In HHT2 Gene the most extreme cases, this delay in mitosis causes a As the generation of S10A transformants required a procomplete failure of chromosome segregation, as dividlonged period of drug selection, it is possible that extra ing micronuclei have been observed entirely within onemutations occurred in the genome and the phenotypes half of a dividing cell. More often, sets of sister chromowe observed were the result of these mutations instead somes are well separated from each other, but some of changes in H3 phosphorylation state. To exclude this chromosomes were observed lagging between the two possibility, we tried to rescue the S10A phenotypes by daughter nuclei, resulting in a partial failure of segrereintroducing the wild-type HHT2 gene into S10A cells.
gation. As shown in Figure 5A , the rescue strain with diploid In this respect, our results differ from conclusions micronuclei grew as fast as the original wild-type cells. recently reached by in vitro studies where abolishment Also shown in Figure 6 , right panels, the rescue cells of H3 phosphorylation, by inhibiting the H3 kinase(s), retained their micronuclear DNA content after continuprevented the initiation of chromosome condensation ous vegetative growth. In addition, the behavior of resand entry into mitosis (Hooser et al., 1998). However, in cue micronuclei in mitosis and meiosis was similar to these studies complete failure to induce chromosome that of wild-type micronuclei (data not shown). Taken condensation may not be due solely to the absence of all together, the above results suggest that the abnormal H3 phosphorylation, as the responsible kinase is likely mitosis and meiosis we observed in S10A cells was to have other targets, and these may be essential for caused by the absence of H3 phosphorylation and not chromosome condensation (e.g., condensin-mediated by extra mutations in the genome. activity appears to be regulated by phosphorylation; Kimura et al., 1998).
Discussion
The kinase responsible for mitotic H3 phosphorylation is not known. However, it is unlikely that a cyclin-depen-H3 phosphorylation has long been correlated with mitodent kinase, or any other proline-directed kinase, is disis both temporally and spatially. Recent studies emrectly responsible for mitotic H3 phosphorylation at ploying a novel Ser10-phosphorylated H3 antibody have 
